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2001-GT-0347 ABSTRACT
This paper is concerned with the design and performance
of an annular S-shaped duct that would be used to connect an
LP fan to the core within a gas turbine engine.  The desire to
minimise engine length means the duct is of relatively short
length so that, without novel design, flow separation is likely
to occur.  Hence the upstream OGV row has been leant
tangentially so that it assists in turning the flow within the first
bend of the S-shaped duct.  In such an ‘integrated’ design, a
component of the lift force generated by the OGV row turns
the flow radially inward.  In this way, the aerodynamic loading
on the critical inner wall boundary layer, within the
downstream S-shaped duct, is reduced.  In addition, by
incorporating the blade row within the duct, rather than
upstream of it, a further length reduction can also be achieved.
The paper outlines the OGV design methodology and presents
experimental results that define the aerodynamic performance
of the integrated system.  The overall system loss is determined
mainly by the OGV row, and the subsequent mixing out of the
blade wakes prior to the inlet of the core duct.  In addition, for
the range of conditions tested, the stagnation pressure profile
at core duct exit reflects that portion of the OGV exit profile





CP Stagnation pressure coefficient
Cp Static pressure coefficient
FFR Flow function ratioroceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of UseL S-shaped duct axial length
P, p Stagnation, static pressure
R Radius of flow curvature
r radius
U streamwise velocity component (normal to traverse
plane)
W tangential velocity component
x axial distance
Vrel flow velocity relative to blade
Superscripts
~ mass weighted average
– area weighted average
INTRODUCTION
To optimise the performance of multi-spool compressors,
within gas turbine engines, the diameter of each spool must
reduce as the air density increases through the compression
system.  Hence the annular duct which connects the spools
takes the form of an ‘S’-shape.  Furthermore, in aircraft
application the need to minimise engine weight means that it
is often desirable for this change in diameter to be achieved in
the shortest possible length.  However, this conflicts with the
need to avoid separation within the duct, and the provision of a
suitable flow distribution to the downstream compressor spool.
The optimum compromise between these conflicting
requirements, though, is difficult to achieve due to the complex
nature of the flow that develops under the combined influence
of pressure gradient and curvature as described by Britchford




DownloaFor the flow to follow the curved path within an S-shaped
duct, a modification to the static pressure field must occur.
Across the first bend a pressure gradient is therefore present,
with the pressure close to the outer casing being higher than
that adjacent to the inner (Fig. 1a).  However, this situation is
reversed within the second bend as the flow is returned to the
axial direction.  Consequently, streamwise pressure gradients
are generated, with the flow adjacent to the inner casing being
subjected to a mainly adverse pressure gradient along the duct
length.  Furthermore, within this critical region, the convex
and concave curvature undertaken by the flow directly affects
the turbulence, and hence the ability of this inner casing
boundary layer flow to sustain the positive pressure gradient
and avoid separation.  As described by Bailey et  al. (1997),
additional factors also influence the development of this flow
including, for example, the inlet conditions provided by the
upstream compressor.
Previous investigations by Britchford et al. (1994) and
Bailey et al. (1997), for example, have concentrated on annular
S-shaped ducts which connect the intermediate and high
pressure compressor spools.  However, in the current
investigation a bypass duct has been incorporated, and so this
arrangement is more applicable to that found between a fan
and core compressor.  Furthermore, the aerodynamic loading
of this duct is much greater than in the previous geometry
investigated, which is mainly due to the need for a larger
radius change in a shorter axial length.  It is thought that using
a conventional compressor outlet guide vane (OGV) row,
upstream of the S-shaped duct, will give rise to a level of
loading that is likely to result in flow separation from the
critical inner casing.  To avoid this an integrated design
approach has been adopted.  The OGV has been located within
the first bend of the duct and has been used to impart a radial
force component on the flow, mainly by leaning the blade
tangentially.  This radial force component helps to turn the
flow through the first bend and, hence, reduces the static
pressure rise along the inner casing (Fig. 1b).  Furthermore,










Fig. 1  Integrated OGV and S-shaped duct
methodologyded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Useplacing the blade row within the duct, rather than upstream of
it, also represents a significant saving of axial length.
In modern engines it is not unusual for turbomachinery to
incorporate leant or swept blades in which the flow may
undergo some radial deflection.  Indeed there are examples,
such as those outlined by Smith (1974) and Wadia et al. (1998)
in which reference is made to leant and swept blades which
reduce OGV hub Mach numbers and deflect the flow in a
radial direction, thereby helping to reduce loading within a
downstream S-shaped duct.  In this particular case, the OGV
has been designed as an integral part of the S-shaped duct,
with particular emphasis being placed on analysing the
aerodynamic loading and overall performance of this
integrated system.  The paper, therefore, broadly describes the
design methodology for an OGV blade row that is located
downstream of a single rotor row and within the first bend of a
highly curved annular S-shaped duct.  The geometry is
designed for use within a low speed test facility so that
performance of this integrated system can be evaluated
experimentally, and the most important factors affecting its
performance identified.  This includes, for example, effects due
to changes in the compressor operating point and bypass ratio
which simulate those changes which can be encountered over
an engine operating range.
EXPERIMENTAL FACILITY
An experimental facility for investigating flows within
annular S-shaped ducts has been developed over a number of
years, at Loughborough University, as described by Britchford
et al. (2000).  The facility is vertically mounted and is of
mainly Perspex construction.  Air is drawn from atmosphere
into a large, acoustically absorbent, plenum prior to entering
the intake and passing through a honeycomb flow straightener.
After a contraction the air enters a 1m long parallel duct in
which turbulent boundary layers develop so that, by the end of
the inlet length, each boundary layer occupies approximately
25% of the annular passage height.  The displacement
thickness of these boundary layers is approximately 2.5mm
and thereby represents a 7% blockage at rotor inlet.  For the
results outlined in this paper, the Mach number within the
inlet section was in the range 0.11 to 0.13.  At the end of the
inlet duct is a rotor, with an OGV that represents the exit blade
row of the LP compressor in an engine, which is powered by a
DC motor capable of producing 43kW of power at 3000 rpm.
Note that this compressor has to provide the pressure rise
necessary to draw air through the facility.  Downstream of the
test section is a short settling region before the air passes into
the lower plenum and exhaust system, and is then finally
expelled to atmosphere.
The proposed new integrated OGV and S-shaped duct
(Fig. 2) was incorporated within the test facility working
section together with a bypass duct and throttle system, whilst
the existing rotor provided the inlet conditions.  The integrated
system geometry is presented in detail by Britchford et al.2 Copyright © 2001 by ASME
: http://www.asme.org/about-asme/terms-of-use
Downl(2000), but at inlet the passage height is 71.1mm with a mean
diameter of 640mm.  Downstream of the OGV row a splitter
divides the flow so that it enters either the bypass or core ducts,
the area ratio between the inlet and exit plane of the core duct
being approximately 1.0.  Along the critical inner casing, the
radius ratio between OGV inlet and core duct exit is 0.51, with
this change in radius being achieved within an axial length of
4.2 inlet passage heights.  The pressure gradient (and hence
aerodynamic loading) along the inner casing, though, is not
only determined by the duct geometry but is also a function of
bypass ratio.  For example, at the design condition 55% of the
system inlet flow passes into the bypass duct.  This ratio also
corresponds to the area ratio of the core and bypass duct at the
splitter leading edge (i.e., Abypass/Acore ~0.55/0.45).  A complex
series of throttles downstream of the core duct, bypass duct and
within the exhaust system enabled a variety of conditions to be
simulated.  These included operation of the facility at a variety
of compressor flow functions and bypass ratios.
Information on the streamwise development of the mean
flow field, within the OGV/S-shaped duct, was provided by
miniature 5 hole pressure probes.  These were of 1.5mm
overall diameter and were used in a non-nulled mode as
outlined by Wray and Carrotte (1993).  Traverses could be
obtained at 9 locations including OGV inlet, OGV exit and at
some 6 planes within the downstream duct (Fig. 2).  Each
traverse was angled normal to the local S-shaped duct inner
surface and movement of the probe, across the annular
passage, was obtained using a linear traverse mechanism and
stepper motor mounted on the outside of the test facility.
Circumferential movement was obtained by mounting the
OGV row within a carrier ring such that this blade row, and
the S-shaped duct inner casing surface, could be indexed
circumferentially.
A1 (OGV exit)









Fig. 2  Test section and instrumentation planesoaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of UseData Reduction and Experimental Errors
The flow function and bypass fraction is used to define the
test facility operating condition.  The mass flow ( m& ),
temperature (T) and pressure (P) of the flow entering the inlet
duct (of area A) are measured and the Flow Function
( PATm& ) thereby calculated.  This flow function is
expressed as a ratio relative to the 100% speed design flow
function.  The Bypass Fraction (BF) is the ratio of flow passing
through the bypass duct to the total mass flow entering the
facility.
At a traverse plane, spatially averaged values of stagnation
( P
~
) and static pressure ( p~ ) are obtained by appropriate mass
weighting of the individual values.  Alternatively, radial
profiles can be obtained by averaging in the circumferential
direction only.  This circumferential averaging can be either
mass (pressures) or area (velocities) weighted.  The stagnation






















) and ( xp
~ ) are the mass weighted stagnation and
static pressures at a reference plane 'x'.  It also follows that a
stagnation pressure loss coefficient (λ) can be defined as
( ))x(CP1−  which is an indication of the stagnation pressure
drop between the reference plane, 'x', and the plane being
considered.
For the five hole probe at a given data point the
experimental accuracy, in regions of high flow field gradients,
will be influenced by the spatial error associated with the finite
distance between the five holes on the probe tip.  This was
eliminated by radial and circumferential interpolation of the
side pressures onto the central measured hole as has been
described by Wray and Carrotte (1993).  However,
experimental accuracy is also influenced by the proximity to
casing surfaces, recording and digitising of signals, etc.  Due
to these various factors, the mass weighted stagnation and
static pressure coefficients, based on the OGV inlet conditions,
were repeatable to within 0.005 of their quoted values.  Flow
angles were repeatable to within 1 deg.
OGV DESIGN METHODOLOGY
Numerous authors, e.g. Denton and Xu (1998) and Bolger
(1999), have discussed the effects of sweep or lean on blade
rows within turbomachinery.  In predominantly parallel
annular passages, for example, such techniques can be used to
locally reduce blade loading in the hub and tip regions.
However, in the current application, the primary motive was to
supply a blade force component to produce a significant radial
deflection of the flow.3 Copyright © 2001 by ASME
: http://www.asme.org/about-asme/terms-of-use
DownloadFlow Curvature
The acceleration associated with flow curvature is mainly
balanced by gradients in pressure so that, for example, the
radial pressure gradient ( rp1 ∂∂ρ ) balances that acceleration
associated with curvature about the engine axis (W2/r).
Additional effects include:
(i) Vrel
2/Rblade: where Rblade is the curvature in the blade to
blade plane and produces lines of constant static pressure that
are radial (Fig. 3a).
(ii) U2/Rduct: where Rduct is the curvature undertaken in the
meridional plane which produces circumferential lines of
constant static pressure (Fig. 3b).
In more conventional applications, the blade to blade
curvature (i) is the dominant mechanism and so, to ensure
nominally constant spanwise loading, the blades are located
radially to align them with the static pressure contours.
However, in the current application, curvature within the
meridional plane (ii) is also significant.  For example,
Vrel
2/Rblade can be approximated by the velocity (U
2+W2) and
the curvature (Rblade), which is approximately 65mm based on
the blade camber-line.  In the meridional plane, the minimum
inner casing duct curvature (Rduct) is 55mm.  For a design
OGV air inlet angle of approximately 30 degrees the ratio of
these pressure gradients (Vrel
2/Rblade:U
2/Rduct) is therefore of
order 1.0:0.9 in the hub region.  This ratio suggests the lines of
constant static pressure will make an angle of approximately












d) View of leant OGV from bypass duct
Fig. 3  Static pressure contours of curved flowsed From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Usedecrease away from the hub region as the curvature within the
meridional plane decreases.  The basic design method was
therefore to nominally lean the blade row tangentially so as to
align the blades with these calculated static pressure contours.
This methodology is clearly reflected in the final manufactured
blade row, with a view of this blade row from the bypass duct
being presented (Fig. 3d).
Blade Design (2D)
The initial design was undertaken using a streamline
curvature code with the OGV blade consisting of C4 aerofoils
of 46mm chord, 0.06 thickness/chord ratio and nominally 2-3°
of negative incidence (at the design operating condition).  Note
that axial sweep of the blade was pre-determined and only the
effects of tangential blade lean will be considered here.  The
stator blading was axially located so that the maximum
curvature of the hub casing occurred at approximately 25% to
30% of the blade chord.  Using this method the effect of
different lean angles on both the upstream rotor and OGV
could be investigated.  In addition, to illustrate the effects of
blade lean on the duct aerodynamic loading, static pressure
distributions along the inner, outer and splitter casings are
presented for lean angles of 0 degrees (radial), 30 and 40
degrees (Fig. 4).  Not surprisingly, changes are observed
within the first bend of the duct, as the lean angle varies,
whilst the pressures within the second bend reflect those
required to turn the flow back into the axial direction.
With no leaning, it can be seen that low and high
pressures are observed in the hub and tip regions, respectively,
within the first bend (Fig. 4).  This is because superimposed on
the static pressure rise, associated with the reduction of swirl
velocity, is the pressure gradient required for the flow to
undertake the meridional curvature.  As a consequence, the
flow initially accelerates within the OGV row, adjacent to the






























Lean angle = 0
Lean angle = 30
Lean angle = 40
Fig. 4  Predicted effects of lean angle on
wall static pressures4 Copyright © 2001 by ASME
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Downloamaximum.  As a result, the OGV loading in the hub region is
high, and a large rise in static pressure is observed along the
length of the critical inner casing between the first and second
bends (∆Cp≈0.90).  As the lean angle is increased, however,
the blade imposes a radial force component that helps to
deflect the flow radially.  Hence, a lean angle is eventually
reached at which the static pressure rise, across the OGV row,
is that associated only with the reducing swirl velocity
component.  As a consequence, pressures in the hub region
increase, and this has a beneficial effect on the aerodynamic
loading of the inner casing.  It should be remembered, though,
that as the lean angle increases so does the blade wetted
surface area and the geometric blockage presented to the flow,
which may have implications for blade row and overall
compressor performance.
Blade Design (3D)
Results from the streamline curvature code suggested a
nominal (or ‘average’) tangential lean angle of 35 to 40
degrees.  However, this was refined with a 3D CFD prediction
of the flow, using a version of the Dawes (1988) BTOB3D code
developed by Rolls-Royce.  Results from the code indicated the
curved nature of the static pressure contours between the hub
and casing in the OGV region, this being due to differences in
the radial flow deflection across the passage.  A more refined
lean angle distribution was therefore obtained with lean angles
of 49 and 30 degrees at the hub and tip respectively.  More
subtle alterations were also introduced to improve the blade
spanwise loading distribution.  Additional blade lean was
introduced in the hub region with the amount of lean being
reduced near the tip.  This gives rise to more curvature within
the central blade region, so making the blade more bowed to
increase mid-height loading relative to the hub and casing
regions.  The blade leading edge camber was also modified, in
the hub region, in response to predicted 3D inlet flow angles.
RESULTS AND DISCUSSION
Presented are the pressure rise characteristics measured at
various flow functions for the single stage compressor
incorporating the leant OGV (Fig. 5a).  For the current test
programme, all measurements were performed at 90% speed.
At this speed, the maximum flow function was determined by
the pressure rise being provided by the compressor, which was
just sufficient to overcome the aerodynamic losses generated by
the passage of air through the facility.  Alternatively, the
minimum flow function was determined by the compressor
stall characteristics, although at high speeds the location of
this surge line was not accurately determined so as to avoid
potential damage to the rotor.  Based on these limitations the
following operating conditions (Fig. 5b) were defined:
- Design point: This represents the nominal condition to
which the blade row was designed and corresponds to a flow
function ratio of 0.90, with a nominal OGV air inlet angle ofded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of U29 degrees and 55% of the inlet flow passing down the bypass
duct.
- Effect of flow function (fixed bypass ratio): The flow
function ratio was varied in the range 0.90 to 0.75 and, at
these conditions, 55% of the inlet mass flow passes down the
bypass duct (Fig. 5b).  Presented are the measured inlet swirl
angle distributions for this range of flow functions (Fig. 6).
- Effect of bypass ratio (fixed flow function): At a flow
function ratio of 0.80 the fraction of flow passing down the
bypass duct was varied between 55% and 70% of the inlet
mass flow (Fig. 5b).
Effect of Flow Function
Changes in flow function will affect the conditions being
presented to the OGV/S-shaped duct.  Hence, an assessment
must therefore be made of how this affects performance and
the quality of flow presented to the HP compressor.
As a general indication of OGV performance, streamwise
velocity contours are presented at OGV exit, for 2 operating















































































Fig. 6  Swirl angle profiles at OGV
inlet and exit5 Copyright © 2001 by ASME
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Downloadflow are due to the influence of both duct curvature and the
downstream splitter, whilst the wake shape indicates the leant
nature of the blade.  There is also little indication of high loss
fluid regions, associated with the blade secondary flows, that
are typically observed downstream of a more conventional
radial blade.  This, presumably, is due to spanwise pressure
gradients within the leant blade row which encourage the
migration of high loss fluid, and thereby suppresses the
accumulation of this fluid into well-defined cores.  In general,
though, the velocity contours indicate no significant regions of
separation within the blade row.  However, for the low flow
function condition there is considerable thickening of the wake
and some separation indicated in the vicinity of the hub region,
as is to be expected for 20 to 30 deg. incidence.  Since the
blade row is relatively well-behaved, circumferentially
averaged profiles and spatially averaged quantities have been
mainly used to describe system performance.  If required,
though, more details concerning the mixing out of the wakes
and their effect on the downstream duct flow will be presented
in a future paper.
Inlet Conditions
The change in swirl angle at OGV inlet, as the flow
function is varied, has already been presented (Fig. 6).
However, such changes will also be accompanied by variation
in the stagnation and static pressure distributions that are
being presented to the OGV row.
For the design condition, the variations of stagnation and
static pressure across the passage height, at OGV inlet, are
presented relative to the OGV inlet mass weighted static
pressure and dynamic head (Fig. 8).  The stagnation pressure
distribution at inlet to the OGV row, as generated by the
upstream rotor, is being influenced by several factors.  For
example, the small variation in stagnation pressure, between
30% and 80% of the passage height, indicates that the work
Fig. 7  Streamwise velocity contours at
OGV exit UU at OGV exit (BF=0.55)


























a) Flow Function Ratio= 0.90ed From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Usedone by the rotor varies slightly with radial location whilst the
reduction in pressure, towards the outer casing, is due to rotor
tip leakage.  As the flow function is reduced the change in
stagnation pressure, between 30% and 80% of the passage
height, is due to a greater variation in the work done along the
span of the rotor blade (Fig. 8).  With reducing flow, the
relative work input by the rotor decreases towards the blade
hub and increases towards the tip, with effects due to tip
leakage flow being superimposed on this distribution.
However, more significant variations are apparent in the hub
region where, it should be remembered, the OGV lean angle is
greatest.  Hence the blockage, due to the leant blade row, is
greatest in this region and the flow may therefore be
particularly sensitive to changes in the condition of the OGV
blade boundary layer.  Some evidence for this may be indicated
by the relative increase in static pressure, at OGV inlet, in this
region (Fig. 8).
At the hub the flow will approximately attain a tangential
velocity that is comparable with that of the spinning hub, so
producing an observed increase of stagnation pressure
immediately adjacent to the hub.  Furthermore, as the flow
function reduces the rotor speed is higher compared to the flow
velocity.  Since the axial velocities at OGV inlet, in this region,
are comparable (Fig. 9) the observed stagnation pressure
increase at the hub is thought to be associated with the
spinning hub (rather than rotor over-throttling due to the
increased OGV blade blockage).  However, this does not
explain differences that are observed further away from the
hub, between 10% and 30% of the passage height.  At the
design condition an accumulation of high loss fluid is
apparent, at rotor exit, which becomes less prominent as the
flow function reduces.  It is interesting to note that the axial
velocity contours that have already been presented, at OGV






















Solid Symbols - Stagnation pressure
Hollow symbols - Static pressure
FFR=0.90
FFR=0.75





Fig. 8  Stagnation and static pressure profiles
at OGV inlet6 Copyright © 2001 by ASME
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Downloadflow function reduces (Fig. 7).  This is further confirmed by
the observed increase in blade deviation, for the OGV, that is
associated with this wake thickening (Fig. 6).  Without further
tests it is difficult to determine whether such effects are
producing a rotor/OGV interaction which, somewhat
surprisingly, is having a favourable effect on the rotor as the
flow function is reduced.
Circumferentially Averaged (2D) Pressure Profiles
The circumferentially averaged stagnation and static
pressure profiles measured at OGV inlet, exit and at the exit of
the core and bypass ducts are presented for both the design and
low flow function operating conditions (Fig. 10).  The
difference between the OGV inlet and exit static pressure
profiles indicates the static pressure rise across the OGV row.
In addition, the static pressure variation at OGV exit is due to
the upstream effect of the splitter.  Differences between the
OGV inlet and exit stagnation pressure profiles reflect the loss
that is generated, by the OGV row, and the distribution of this
loss across the blade span.  For the design condition (Fig. 10a),
a similar level of loss is observed across the outboard 80% of
the flow.  However, the loss appears to be significantly greater
in the hub region as the high upstream pressure, associated
with the spinning rotor hub, is reduced within the OGV row.
In this hub region, there is also evidence to suggest that some
radial redistribution of the fluid is occurring.  As the flow
function is reduced (Fig. 10b), the overall loss across the OGV
row increases, this being particularly evident in the hub region.
The aforementioned pressure profiles are presented
relative to stream function rather than passage height.  It is
thought that the nature of the flow field, in which the flow is
divided into a core and bypass stream, means that it is more
relevant to present the profiles in this way.  By calculating, at a
given radial location, the proportion of mass flow passing
between this location and the hub, the stream function values

































Fig. 9  Streamwise velocity profiles at
OGV inlet (A0)ed From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Usethat 40% of the total flow is passing between that location and
the hub casing.  Based on this parameter, the core and bypass
streams can be defined and the pressure profiles can be
presented relative to this parameter.  Using this technique as
the basis for comparison, the importance of the inlet conditions
and OGV performance is indicated (Fig. 10).  For example, at
all the different flow function conditions, the stagnation
pressure profile at core duct exit, which would be presented to
the core compressor, broadly reflects the portion of the
stagnation pressure profile that is captured by the core
streamtube at OGV exit (Fig. 10).  Although not being
considered here, this is similarly the case for the bypass duct
flow.  Such results suggest that little radial redistribution of the
flow occurs downstream of the OGV row.
Static Pressure Distribution
Downstream of the OGV row, the flow is split between the
core and bypass duct.  This is of significance because the
aerodynamic loading along the inner casing is a function of the






















Core Duct Exit (A7)
Bypass Duct Exit





















Solid Symbols - Stagnation pressure
Hollow Symbols - Static pressure
b) Flow Function Ratio = 0.75, Bypass Fraction = 0.55
Fig. 10  Core/bypass stagnation and static
pressure profiles7 Copyright © 2001 by ASME
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Downloaflow passing along the core, as opposed to the bypass duct, is
therefore important in terms of the aerodynamic loading that a
measured static pressure rise represents.  Hence the pressure
distribution responsible for aerodynamic loading of the inner
casing boundary layer is presented, for the different operating
conditions (Fig. 11), in terms of the dynamic head and static
pressure at inlet to the core duct (A2).  For the purpose of
comparison the static pressure rise, across the OGV row, is
also indicated for the core streamtube.
Since the radially inward turning of the flow occurs in the
upstream blade row, pressure gradients within the core duct are
due only to the second bend, in which the flow is being turned
back into the axial direction.  For the design condition, the
static pressure initially falls from Cp=0.02 to 0.00 as the flow
adjacent to the inner casing undergoes a slight acceleration
between OGV exit and core duct inlet.  However, within the
core duct, a rise in pressure (Cp) from 0.00 to 0.34 is observed
between x=0.12 to 0.22m, the pressure then falling within the
second half of the bend (x=0.22 to 0.33m).  Along the splitter
casing the opposite occurs and it should be noted that, along
this casing, the highest adverse pressure gradient is generated
between x=0.21 and 0.29m.  However, the boundary layer
adjacent to this casing is relatively thin, having only developed
from the splitter leading edge.  In contrast, the hub casing
boundary layer has developed through the rotor and OGV rows
prior to entering the core duct.  This thicker boundary layer is
therefore more prone to separate and so the highest
aerodynamic loading, and most likely region of flow
separation, is associated with the region of increasing pressure
along the hub casing.  As the flow function is reduced, similar
pressure profiles are observed within the core duct (Fig. 11),
any slight differences indicating changes in flow curvature due
to variations of the hub and splitter boundary layer thickness.
Streamwise Velocity Profiles
Since the non-dimensional static pressure distributions are
similar, at the different operating conditions, any differences of
the flow field within the system must be attributable to the
different inlet conditions.  Data already presented (Fig. 10)
indicates that, as the flow function is reduced, the higher
stagnation pressures in the hub region, presented to the OGV
row, are evident all along the duct.  Hence, although initial
considerations may suggest that reducing the flow function
will, due to the rotor work distribution, lower the stagnation
pressure of the flow adjacent to the critical inner casing, this is
clearly not the case.  In other words, this is being more than
compensated for by the increased stagnation pressure rise that
is thought to be associated with the spinning rotor hub.  The
importance of this effect is illustrated by the streamwise
velocity profiles within the core duct at A6, which is in the
region where flow separation is most likely to occur (Fig. 12).
Now even for an inviscid flow the velocity will vary, with
radial location, due to the curvature of the core duct flow as it
is turned back into the axial direction.  This is evident in theded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use:velocity profiles within the central portion of the passage with
the velocity reduction towards the splitter, between 90% and
100% of the passage height, being associated with the
boundary layer that has developed along this casing.  This is
comparable at the different flow functions, but more significant
differences are apparent between 0% and 30% of the passage
height.  Variations of velocity in this region, as the flow
function is changed, are clearly apparent and broadly reflect
differences in the stagnation pressure profile at OGV exit.
Such upstream flow changes are exaggerated by the positive
pressure gradient, along the inner casing, so that larger
changes are observed at this critical location (A6).  These










































Core streamtube within OGV
Fig. 11  Static pressure distribution along

































Fig. 12  Streamwise velocity profiles within the
core duct (A6)8 Copyright © 2001 by ASME
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Downloaadjacent to the inner casing, are not well defined.
Nevertheless, the increase of flow momentum in this region,
with decreasing flow function, is beneficial in terms of
delaying separation.
Overall System Performance
At the design condition, the OGV stagnation pressure loss
and static pressure rise coefficients were 0.058 and 0.329
respectively (Table 1), these values increasing to 0.083 and
0.421 as the flow function is reduced to the minimum value.
The values were derived from area traverses at inlet and exit of
the OGV row and represent the change in mass weighted
stagnation and static pressure, between these planes, relative to
the OGV inlet dynamic head.  This level of loss is thought
comparable with the loss generated by more conventional
OGV designs.  However, it should be noted that only a portion
of the flow passing through the OGV row enters the core duct.





































































Fig. 13  Effect of flow function on core
streamtube pressure coefficients
FFR BF λ Cp
0.80 0.55 0.057 0.393
0.80 0.60 0.060 0.367
0.80 0.65 0.058 0.348
0.80 0.70 0.048 0.308
0.90 0.55 0.061 0.303
0.85 0.55 0.069 0.326
0.80 0.55 0.057 0.393
0.75 0.55 0.083 0.412
Table 1  OGV Mass-weighted Mean Total Pressure
Loss and Static Pressure Riseded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: based on the overall flow at OGV inlet, is not a true reflection
of the stagnation pressure drop generated within the
OGV/S-shaped duct.  This is also confirmed by data previously
presented, which show that the stagnation pressure profiles, at
core duct exit, reflect the portion of the OGV exit flow that is
captured by the core streamtube.  Hence, system performance
has been evaluated in terms of the streamtube which contains
that portion of flow, at OGV inlet, which enters the core duct.
At the design condition, based on the core streamtube
properties, the stagnation pressure loss from OGV inlet to
S-shaped duct exit was 0.124, which increased to 0.181 for the
minimum flow condition.  Furthermore, the variation in mass
weighted stagnation and static pressure along the duct, for the
design and minimum flow function conditions, is presented
(Fig. 13).  These distributions indicate that the system loss is
dominated by the OGV row, with most of the loss being
generated between OGV inlet and exit, with some additional
loss occurring between OGV exit and core duct inlet due to
wake mixing.  Very little loss is generated within the core duct,
i.e., between core duct inlet and exit.  Similarly the mean static
pressure distribution along the integrated OGV/S-shaped duct
indicates that, not surprisingly, most of the system static
pressure rise occurs through the OGV row.  Within the core
duct, the small rise in pressure between stations A2 and core
duct exit reflects the slight increase in geometrical area
between these locations.  As the flow function is reduced so the
system stagnation pressure loss and static pressure rise
increase, this again being mainly associated with a change in
the OGV performance.
Effect of Bypass Ratio
At a given flow function, the approach velocity to the
OGV and S-shaped duct remains constant but, subsequently,
some local adjustment of the flow must occur.  This is
necessary to ensure that at the splitter leading edge the correct
mass flow enters the bypass and core ducts.  For example, as
the bypass fraction increases, the core streamtube will occupy a
smaller portion of the annulus prior to the OGV and duct (i.e.,
the dividing streamline between the core and bypass flows
moves closer to the hub casing).  However, the area of the core
streamtube must increase (and the core flow velocity reduce) so
that, at the leading edge of the splitter casing, the streamtube
occupies the inlet height of the core duct.  At larger bypass
fractions it therefore follows that the core streamtube must
undergo greater area increases, and hence velocity reductions,
prior to the splitter.  Thus the static pressure rise in the OGV
hub region must increase as the amount of flow passing down
the bypass duct increases.  Evidence of this flow adjustment is
indicated by the circumferentially averaged profiles:
•  Whilst the OGV inlet stagnation and static pressure
profiles indicate that the flow field prior to the OGV is not
influenced by changes in bypass fraction, effects are apparent
further downstream.  At OGV exit the static pressure rises near
the hub and falls near the tip of the blade with increasing9 Copyright © 2001 by ASME
http://www.asme.org/about-asme/terms-of-use
Downlobypass flow (Fig. 14).  Hence loading in the OGV hub region
increases as bypass fraction increases.
•  The stagnation and static pressure profiles relating to
the core and bypass streamtubes, for the highest bypass
fraction condition (Fig. 15), can be compared with those
originally presented (Fig. 10).  The smaller portion of core
duct flow is indicated by the stream function value that divides
the 2 streams.  Due to the rotor work profile, this means that
the core duct is capturing flow that generally is of a lower
stagnation pressure.  It also follows that the radial gradient of
stagnation pressure, and hence velocity, at core duct inlet must
also reduce with increasing bypass fraction.
Whilst the non-dimensional static pressure distributions
along the hub and splitter casing within the core duct are
comparable, at different bypass factions, significant differences
























Core Duct Exit (A7)
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Fig. 15  Core/bypass stagnation and static pressure
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Fig. 14  Stagnation and static pressures at OGV exitaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Usethe design condition the static pressure coefficient falls from
+0.06 to 0.00 between OGV exit and core duct inlet, whereas
at the high bypass fraction the static pressure rises from -0.55
to 0.00.  It is to be expected that the inner casing boundary
layer will be thickened by this pressure gradient and the
velocity profiles within the core duct, at station A6, are
presented (Fig. 17).  The velocity variation in the central
passage region, due to flow curvature, has already been
described previously.  However this gradient increases with
increasing bypass fraction, which is thought to reflect changes
in the radial flow distribution entering the core duct.  As a
result, the absolute velocities adjacent to the splitter are higher,
at the high bypass fraction condition, but it should be noted
that the boundary layers are comparable (i.e., the velocity
deficit relative to each inviscid core profile is similar).  In the
hub region the variations in stagnation pressure profile of the
flow, captured by the core duct, means that the boundary layers
are difficult to define.  However, the profiles do suggest a
thickening of the boundary layer with increasing bypass
fraction.  What is slightly surprising is that the observed
changes in velocity, that are associated with relatively large
pressure gradient changes, are not as great compared with
those observed at different flow functions (Fig. 12).  This
confirms the importance of inlet conditions on the flow
captured by the core duct.
At the splitter leading edge, the geometric area of the core
and bypass duct reflects the 0.55 bypass fraction for the design
condition (i.e., Acore:Abypass ~ 0.45:0.55).  However, because of
the conditions being presented to the system by the upstream
rotor, velocities are lower and higher in the hub and tip regions
respectively.  Hence, along the inner casing at the 0.55 bypass
fraction the static pressure decreases from Cp=+0.06 to 0.00
(Fig. 16) between OGV exit and core duct inlet.  This indicates
















































Fig. 16  Effect of Bypass Fraction on inner and
splitter casing static pressure distributions10 Copyright © 2001 by ASME
: http://www.asme.org/about-asme/terms-of-use
Downloaconsequence, the pressure rise along the inner casing within
the core duct must increase (i.e., the static pressure must rise
from 0.00 to 0.36 rather than from +0.006 to 0.36).  This could
be avoided by moving the splitter leading edge radially
outward but this would then increase the pressure rise, between
OGV inlet and core duct inlet, at other conditions.  In other
words, it may be desirable for the flow to have some
acceleration at the design bypass fraction, since this decreases
the static pressure rise between OGV exit and core inlet at the
more critical high bypass fractions.
The adjustment of the core streamtube, with changes in
bypass fraction, is further confirmed by the spatially averaged
static pressure values along the length of the system (Fig. 18).
This indicates that the static pressure change is broadly similar
across the OGV and also through the core duct.  Hence in a
fixed geometry system such as this, most of the flow
adjustment occurs in the relatively small region between OGV
exit and core duct inlet.  Alternatively the variation in
stagnation pressure, within the core streamtube (Fig. 18),
reflects the increase in loss with bypass fraction.  Note that
within the core duct a comparable loss is observed for each
condition and that the loss increase is associated with the flow
between OGV inlet and core duct inlet.
CONCLUSIONS
A tangentially leant OGV row has been incorporated
within the first bend of an S-shaped duct, prior to the splitter
that divides the flow into core and bypass streams.  The duct
exit axial velocity profile is influenced by the operating
conditions but, with 3D OGV design, separation was avoided
and the integrated OGV/S-shaped duct exhibited acceptable

































Fig. 17  Streamwise velocity profiles within
the core duct (A6)ded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: • Most of the stagnation pressure loss and static pressure
rise occurs between OGV inlet and core duct inlet and is
associated with the OGV row.  At OGV inlet, a relatively high
stagnation pressure is observed within the hub region, which is
associated with the spinning rotor hub, and a significant
proportion of the stagnation pressure loss is associated with a
reduction in the pressure of this flow.
• Over the range of conditions tested, the radial stagnation
pressure profile at core duct exit reflects the pressure profile at
OGV inlet, which is associated with that portion of flow that
enters the core duct.  This is indicated by expressing the
stagnation profiles in terms of stream function, and indicates
that radial redistribution and secondary flow effects
downstream of the OGV row are small.
• As the flow function is reduced, the work distribution
along the length of the rotor reduces towards the hub.
However, adjacent to the hub the stagnation pressure rises due
to the spinning rotor hub and, possibly, a rotor/OGV
interaction.  These effects result in an improvement of the
condition of the critical boundary layer, along the inner casing
of the core duct, despite the OGV performance deteriorating as
the flow function reduces.
• Changes in bypass ratio cause an adjustment of the core
and bypass streamtubes prior to the splitter.  As the bypass
fraction increases, the static pressure rises within the core
streamtube between OGV inlet and inlet to the core duct.  The
hub casing boundary layer is therefore closer to separation as
the bypass fraction increases.
This data set enables the predictions of the flow field
within such geometry to be validated.  Furthermore, the
importance of the inlet conditions in determining the flow field





































































Fig. 18  Effect of bypass fraction on core
streamtube pressure coefficients11 Copyright © 2001 by ASME
http://www.asme.org/about-asme/terms-of-use
Downlodesign of such systems must consider the characteristics of the
upstream compression system.  This also includes, for
example, the hub to tip radius ratio of the upstream fan and the
bypass fraction associated with the particular application being
considered.
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